Experimental results of the effects of the arsenic doping concentration on the boron outdiffusion in n-polycrystalline/p-monocrystalline silicon structures are presented. The boron diffusivity is only 30 times larger in polycrystalline silicon than in monocrystalline silicon if the arsenic doping is high enough to cause enhanced grain growth. The diffusivity increase is about 130 if the polycrystalline silicon has small grains due to low arsenic doping. The boron loss from the base region of an advanced bipolar transistor doping profile by outdiffusion into the emitter polycrystalline silicon is of the order of 20% and needs to be considered for accurate device modeling.
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Detailed understanding of the codiffusion of arsenic and boron in polycrystalline/monocrystalline silicon structures is essential for the design of advanced silicon devices, and in particular of bipolar transistors ͑BJTs͒. Polycrystalline silicon contacts have been used for many years to overcome limitations in forming very shallow emitter junctions. Arsenic as the emitter dopant has been preferred over phosphorus for several reasons, one of them being the much higher diffusivity of arsenic in polycrystalline silicon compared to monocrystalline silicon due to grain boundary segregation. 1 Until recently, diffusion of arsenic through the polycrystalline silicon has been a negligible part of the emitter formation process. In the most advanced devices today, with ultrashallow emitter junctions and very narrow emitter windows and base regions, however, arsenic diffusion in polycrystalline silicon is significant and can have a serious impact on the two-dimensional profile of the emitter junction. 2 While the distribution of arsenic in polycrystalline silicon emitter structures has been studied, 2 the loss of boron from the base region by diffusion into the arsenic-doped emitter polycrystalline silicon is, to our knowledge, still unexplored. For the very narrow and highly doped base region of an advanced BJT, this outdiffused boron dose can be a considerable fraction of the total boron dose.
Boron redistribution in the base and outdiffusion into the emitter polycrystalline silicon can be influenced by the arsenic doping and its effect on the polycrystalline silicon grain structure. [3] [4] [5] [6] Arsenic and boron co-diffusion in polycrystalline silicon have been extensively studied but the published work focused on the dopant interactions in case arsenic and boron both diffused from polycrystalline silicon into the bulk monocrystalline silicon. 4, 5 Here we explore the case of the diffusion of the dopants in opposite directions, i.e., of arsenic from polycrystalline silicon into the monocrystalline silicon and from the monocrystalline silicon base region into the emitter polycrystalline silicon.
For the experiments, 35 nm thick boron layers, doped either 1.5ϫ10
19 cm Ϫ3 or 3.0ϫ10 20 cm
Ϫ3
, have been epitaxially grown on 5-inch wafers. After growth of a 5 nm thermal oxide at 700°C and deposition of a 30 nm silicon nitride layer, the wafers were annealed at 850°C for 10 minutes. Then, the nitride and oxide films were etched off, and a 200 nm thick film of undoped polycrystalline silicon was deposited. Arsenic was implanted at 50 keV with doses of 10 16 cm
Ϫ2
, 10 15 cm
, or zero dose into different quarters of the same wafer by using a masking technique. A 200 nm low-temperature oxide film was deposited as a cap layer, and the wafers were annealed at 850°C for 20 minutes in a furnace and at 960°C for 10 seconds in a rapid thermal annealing tool. Samples were cut from each quarter of the same wafer to avoid wafer-to-wafer fluctuations. The doping profiles were measured by secondary-ion mass spectroscopy ͑SIMS͒ using a Cameca IMS-4F with a net 3.0 keV O 2 ϩ primary beam to reduce profile broadening to 6.5 nm/decade. Sputtered crater depths were measured with a stylus instrument ͑Talystep͒. Crater flatness in the gated collection area was better than 1% of the total sputter depth. The oxidation rate during sputtering was controlled to obtain uniform sputtering rates in both the n ϩ polycrystalline silicon and the monocrystalline silicon. Since oxidation during sputtering broadens arsenic profiles, emitter depth values ͓X E , see Fig.  1͑a͔͒ were obtained from the arsenic peak at the polycrystalline/monocrystalline silicon interface and the minimum of the boron dip or ''notch.'' 3 These features are reproducibly resolved for the analytical conditions used, and the X E values have an error of 2.5%. Concentration values were determined from implanted standards and have an accuracy of Ϯ10%.
The SIMS results for the two different base boron doping levels are shown in Figs. 1͑a͒ and 1͑b͒ . While the boron concentration profiles in Fig. 1͑a͒ represent realistic cases for bipolar transistors, the boron doping in Fig. 1͑b͒ was excessively high but had additional value in characterization of the a͒ Electronic mail: burgh@watson.ibm.com b͒ Present address: National Semiconductor Co., Western Ave., South Portland, ME 04106.
boron diffusion behavior. From the results in Fig. 1 values of X E , the base widths ͓W B , see Fig. 1͑a͔͒ , and partial boron doses in the polycrystalline silicon layer, under the monocrystalline silicon emitter, and in the base region were determined, as listed in Table I . Note that the boron pile-up in the top 20-40 nm of the polycrystalline silicon was not included in the dose integrals because it was believed to be a contamination effect during the implantation process or an outdiffusion of a small dose of boron from the low-temperature oxide film. The difference in total boron dose between the SIMS samples was 5% or smaller because the samples were taken from the same wafer. The comparison of the SIMS profiles shows at first a distinct difference between the sample with the high arsenic concentration ͑A1͒ and the ones with low arsenic ͑B1͒ or without emitter doping ͑C1͒. As predicted by Hu and Schmidt 3 the boron diffusion into the bulk silicon is retarded due to the electric field generated by the arsenic gradient, resulting in a pile-up of boron in the monocrystalline silicon emitter region ͓Fig. 1͑a͔͒. The boron concentration profiles were continuous at the polycrystalline/ monocrystalline silicon interface because the time of the annealing was relatively short. 7 In the polycrystalline silicon region near the interface, the boron diffusivity of the sample A1 was considerably smaller than that of the other two samples. The possible reasons for this difference, effects like dopant pairing 8 and the saturation of grain boundary traps and disordered regions near the grain boundaries which would slow down the boron diffusion in polycrystalline silicon, 6, 8, 9 are unlikely because the arsenic concentrations in samples A1 and B1 are both high and should have a similar effect. Electric field effects due to the arsenic gradient can be excluded because they would cause the boron loss in sample A1 to be the largest. The reason which remains is the retardation of boron diffusion due to grain growth in the polycrystalline silicon. Grain growth can be enhanced by implantation damage or a high arsenic concentration. 4 The crosssectional transmission electron micrographs ͑XTEMs͒ of samples A1 through C1 in Fig. 2 show that indeed the grains near the interface were large for A1 while they were small for B1 and C1. Apparently, the combination of the lower arsenic dose and the annealing conditions of B1 was not 19 cm Ϫ3 ͓͑a͒, A1-C1͔ and 3 ϫ10 20 cm Ϫ3 ͓͑b͒, A2-C2͔ are shown. After boron epitaxial film deposition and arsenic implant the wafers had been exposed to a thermal anneal at 850°C for 20 minutes and 960°C for 10 seconds. TABLE I. Emitter junction depth (X E ), base width (W B ), and the fractional boron doses in the polycrystalline silicon, the monocrystalline emitter, and in the base region of the samples A1-C1 in comparison. The difference in the total boron dose was Ͻ5% because of the one-wafer experimental setup. Cross-sectional transmission electron micrograph ͑XTEM͒ of the samples A1 ͑a͒, B1 ͑b͒, and C1 ͑c͒. A1 was entirely recrystallized due to the high As doping, while C1 remained small-crystalline without the arsenic doping. In B1, the polycrystalline silicon near the surface was recrystallized as a result of the implantation damage, but the polycrystalline silicon near the interface had a fine grain structure in spite of the moderate As doping.
sufficient to enhance the grain growth as for A1. Sample B1 showed only grain growth near the polycrystalline silicon surface due to the implantation damage. In the surface region, the boron concentration was different between B1 and C1, because the sample C1 had a small-grain structure throughout. These differences in the polycrystalline silicon boron profiles were even more pronounced for the high base doping ͓Fig. 1͑b͔͒, but the field effect due to the arsenic gradient, i.e., the retardation of boron in the bulk silicon and the boron pile-up under the monocrystalline silicon emitter, was negligible because the arsenic concentration was not sufficiently higher than the boron concentration. 3 The SIMS results were compared with model predictions by adjusting the values of the boron diffusivities. The model took into account concentration-dependent diffusion effects and dopant interaction during diffusion in the monocrystalline silicon. For the completely recrystallized samples A1 and A2 and for the small-grain polycrystalline silicon samples C1 and C2, effective diffusivities of 9ϫ10 Ϫ16 cm/s and 4ϫ10 Ϫ15 cm/s, respectively, were determined with the given annealing conditions. These diffusivities were therefore about 30 and 130 times higher than the ones in silicon, which compared well with the results of others. 4 The result of the different diffusivities is that for the given doping profiles in Fig. 1 only about 13% of the total boron dose diffuses out into the polycrystalline silicon if the arsenic concentration is high ͑A1͒ while the loss is nearly 25% without any arsenic doping ͑C1͒.
In practical applications, a reduced or a very small arsenic concentration in the polycrystalline silicon can be expected near the edges of a polycrystalline silicon emitter. 2 Based on our results it became obvious that this reduced arsenic concentration caused the base to be considerably wider, due to a negligible boron retardation in silicon and a shallower emitter diffusion. The effect of the shallow emitter on the base boron dose is to some extent compensated by the higher outdiffusion of boron into the emitter polycrystalline silicon. Consideration of the outdiffusion of boron into the emitter polycrystalline silicon is therefore a requirement for accurate device modeling.
